Abstract Radiocarbon ( 14 C) in dissolved inorganic carbon in the ocean can trace the age of ocean water relative to the atmosphere and provide insight into climate-driven changes in ocean circulation since the last glaciation. Here we estimate surface radiocarbon ages from the last glaciation through the deglaciation into the Holocene in the southwestern Pacific by using tephras, both as stratigraphic tie points and for the availability of existing radiocarbon dates from terrestrial-based analyses of the organic carbon associated with them, as markers of past atmospheric Δ 14
14 C years, than modern reservoir ages. At the same time, subantarctic surface water reservoir age was~3200 14 C years, almost 5 times the modern reservoir age, making the difference in age between subtropical and subantarctic surface water masses treble the modern difference. This pattern is attributed to the upwelling and exchange of very old deep waters from the glacial abyss in the Southern Ocean.
In the early deglaciation, surface reservoir ages were~600 to 700 14 C years. Recent atmospheric Δ 14 C calibrations project that these surface reservoir ages were older than modern by 1.2-fold to 2-fold. This increased reservoir effect can be attributed to shallow circulation that differed from modern, delivering waters with lower 14 C content to the region. Early Holocene surface reservoir ages of~300 to 500 14 C years, similar to recent, suggest modern circulation patterns were in place by that time.
Introduction
The surface waters of the modern ocean are not in 14 C isotopic equilibrium with the atmosphere. A steady state balance exists between the slow invasion of atmospheric 14 C into surface waters following production in the atmosphere and the aging of isolated interior water (marked by the decay of 14 C over time) with the subsequent cycling of those waters back to the mixed layer. These dynamics result in an age difference between surface waters and the atmosphere termed the reservoir age [Stuiver and Polach, 1977] . Globally, the 14 C levels in the surface ocean vary measurably [e.g., Bard, 1988] . Spatially, the Δ 14 C (defined as the 14 C activity corrected for mass-dependent fraction and corrected for decay using the Godwin half-life for known-age samples [Stuiver and Polach, 1977] ) is affected by surface circulation. Even regions with a permanent thermocline and surface mixed layer can experience variations in Δ
14
C caused by changes in both vertical and horizontal dynamics [e.g., Druffel et al., 2014; Guilderson and Schrag, 1998 ]. The Δ 14 C of surface mixed layer waters can very vertically which is caused by changes in the depths of the mixed layer or thermocline, or the rate of vertical mixing between the high Δ 14 C surface water and low Δ 14 C subsurface waters. Horizontal advection can also alter the Δ 14 C of surface mixed layer water as the rate of delivery of source waters that have different Δ 14 C signatures can also impact the local reservoir age [e.g., Druffel et al., 2014] .
Today the, ocean-atmosphere offset, (aka the reservoir age), varies spatially with youngest reservoir ages of~400 years (Δ 14 C~À45‰) occurring where the deep ocean is capped by a permanent thermocline decreasing northward [e.g., Bard, 1988] , as radiocarbon-depleted upwelled waters move north while equilibrating and mixing with subtropical waters across the subtropical front (STF) (Figure 1 ). In regions where there is a permanent thermocline, the dynamic response of the surface reservoir magnitude to changes in circulation is borne out by the evidence that ocean circulation changes associated with such interannual phenomena as the El Niño-Southern Oscillation (ENSO) and shifts in the Intertropical Convergence Zone (ITCZ) cause fluctuations in the surface water Δ 14 C content on these timescales [e.g., Druffel et al., 2014; Guilderson et al., 2000] .
In the Australia-New Zealand region of the southwest Pacific, horizontal mixing process appear to be the dominant control on surface Δ 14 C content [e.g., Druffel and Griffin, 1993] . The South Equatorial Current (SEC) delivers Δ 14 C depleted water westward from upwelling zones in the central Pacific, and their variation drives local Δ 14 C levels [Druffel, 1987; Druffel and Griffin, 1993] . Fluctuations in surface mixed layer Δ 14 C in the last few hundred years in the Coral Sea are ascribed to changes in the SEC transport of water retaining a low Δ 14 C [Druffel and Griffin, 1993, 1999] . The East Australia Current (EAC) delivers water southward and is deflected eastward as it meets the flow of the Antarctic Circumpolar Current (ACC). In the Tasman Sea the relative delivery of these waters and subsurface flow of Subantarctic Mode Water (SAMW) with even lower Δ 14 C derived from the Southern Ocean can vary the surface reservoir age by~100 14 C years on timescales of less than 100 years [Komugabe et al., 2014] (Figure 1b ). This advective influence on surface 14 C in the southwest Pacific contrasts with the eastern Equatorial and Southeast Pacific where upwelling changes dominate surface Δ 14 C in the Galapagos [Druffel et al., 2014] and off the coast of South America [Ortlieb et al., 2011] .
The behavior of the ocean-atmosphere system on glacial timescales is known to have been strongly influenced by fundamental changes in thermohaline circulation (THC). Greater sequestration of CO 2 in a poorly ventilated deep ocean [e.g., Broecker and Peng, 1993; Francois et al., 1997; Sigman and Boyle, 2000; Stephens and Keeling, 2000; Toggweiler, 1999] during the Last Glacial Maximum (LGM,~23,000-21,000 cal ky B.P.) is substantiated by records of very low Δ 14 C in deep ocean waters [Galbraith et al., 2007; Robinson et al., 2005; Sikes et al., 2000; Skinner et al., 2010; Sikes et al., 2016] . Changes in THC associated with climate fluctuations even as brief as the Younger-Dryas are known to have altered atmospheric 14 C and surface ocean 14 C levels [Bard et al., 1994; Edwards et al., 1993; Hughen et al., 1996 Hughen et al., , 2000 Hughen et al., , 2004 Stocker and Wright, 1996] . Evidence is emerging to suggest that local and or regional surface reservoir ages were also older at times when the deep ocean was substantially depleted in Δ 14 C Rose et al., 2010; Siani et al., 2013; Sikes et al., 2000; Skinner et al., 2015] .
Determining the "true" Δ 14 C for ocean water requires an independent chronometer to establish the actual calendar age against which the 14 C content of a given sample can be compared. To estimate the classic reservoir age (that is, the atmosphere-marine difference in conventional radiocarbon years) requires suitable contemporaneous material from each reservoir. Corrections must also be made for known changes in the atmospheric Δ 14 C. Thus, for samples collected after nuclear weapons testing, the addition of bomb radiocarbon must be incorporated into estimations [e.g., Key et al., 2004; Rafter and Fergusson, 1957] . For paleoreconstructions, the fact that atmospheric radiocarbon has varied through time must be also accounted for in assessments of ocean-atmosphere offsets [e.g., Adkins and Boyle, 1997; Broecker and Barker, 2007; Broecker et al., 1991] . Carbonate in foraminiferal tests and coral skeletons are routinely used for past reconstructions because the carbonate is sourced from the dissolved inorganic carbon in the water that they grow and preserves a record of past Δ 14 C values. In modern samples, the date of collection of the specimen being measured readily serves as the time stamp against which reservoir ages can be determined [e.g., Sikes et al., 2008] . For reef-building hermatypic corals and varved sediments, counting annual bands or annual laminae provides concrete calendar dates for the past [e.g., Druffel and Griffin, 1993; Hughen et al., 2004] . With older corals, for which the zero age is uncertain, other geochronometers, such as U/Th can be used to obtain calendar age [e.g., Burke and Robinson, 2012; Edwards et al., 1993; Komugabe et al., 2014; Robinson et al., 2005] . Establishing a similar concrete calendar age for sedimentary studies (including foraminiferal based work) is more elusive (foraminiferal calcite is, due to excessive detrital thorium, not often appropriate for U/Th analyses). Instead, workers make use of paired terrestrial and marine radiocarbon determinations from coeval sediments [e.g., Ortlieb et al., 2011; Southon et al., 1990] or tephra layers [e.g., Bard et al., 1994; Sikes et al., 2000] . The paucity of these ideal sedimentary records makes surface Δ 14 C values for the glaciation and early deglaciation at high latitudes scarce. Volcanic tephras provide regional stratigraphic markers that can be used to correlate marine and terrestrial records. These linked marine-terrestrial time horizons enable the calculation of absolute offsets between Δ 14 C levels in the atmosphere, surface ocean, and deep ocean, including conventional reservoir ages for surface waters [Sikes et al., 2000] . In New Zealand, numerous studies using radiocarbon-dated plant material associated with macroscopic ash fall layers resulting from volcanic eruptions on the North Island have generated a robust tephra stratigraphy [Alloway et al., 2007; Lowe et al., 2008 Lowe et al., , 2013 Vandergoes et al., 2013] . These terrestrial studies have provided atmospheric 14 C ages for the time of the tephra eruptions [e.g., Lowe et al., 2013] . Studies using ash layers to provide stratigraphic control and a direct reference to past atmospheric Δ
C have demonstrated significant age changes in both surface and deep waters during the last glaciation and deglacial transition [Bard et al., 1994; Rose et al., 2010; Siani et al., 2013; Sikes et al., 2000; Skinner et al., 2015] .
Here we present both new and previously published foraminiferal 14 C ages across a latitudinal range of cores from the New Zealand region of the South Pacific. Updated tephra ages are used to estimate surface reservoir ages of ocean water masses in the southwest Pacific and Southern Ocean.
Methods

Stratigraphy and Calendar Age Determination
New planktonic foraminiferal radiocarbon ages were generated for late glacial and deglacial intervals from nine cores to the north and east of New Zealand raised from the subtropical Bay of Plenty (five cores), Hikurangi Trough (three cores), and subantarctic waters on the South Chatham Rise of New Zealand (one core). New cores were obtained on cruise RR0503 on the Roger Revelle (TC/JPC 83 and JPC 06, 36, 41, and 79) , and new data from cores archived at NIWA in Wellington, New Zealand (S794, S931, and S938) were combined with previously published results [Rose et al., 2010; Sikes et al., 2000] . Together, these cores provide a regional transect from subtropical waters in the Bay of Plenty to subantarctic waters on the southern flank of the Chatham Rise ( Figure 1 and Table S1 in the supporting information). Ash identification of macrotephra layers for all cores has been previously published [Carter et al., 1995; Kohn and Glasby, 1978; Rose et al., 2010; Shane et al., 2006; Sikes et al., 2000] . Additional δ
18
O-based stratigraphy for many of these cores has been published [Samson et al., 2005; Sikes et al., 2002; Schiraldi et al., 2014] . All new cores examined in this study have the Kawakawa tephra (Kkt) present as a macroscopic ash bed. Rose et al. [2010] did not date the Kkt in JPC64 as the focus of that study was the deglaciation, and we did not resample this core. Cores from north of the Chatham Rise contain, in addition to the Kkt, one or more of five major deglacial tephras (Whakatane, Rotoma, Mamaku, Waiohau, and Rerewhakaaitu; Table 1 ) depending on the extent of the eruption [Kohn and Glasby, 1978; Shane et al., 2006] .
The conversion of radiocarbon dates to calendar ages depends on an empirical calibration. The refinement of this calibration particularly for the early deglaciation is the subject of active research [Reimer et al., 2004 [Reimer et al., , 2009 [Reimer et al., , 2013 . This calibration impacts the conversion from radiocarbon dates to calendar ages, and this in turn affects the calculation of the calendar ages of the ashes. The methods for calculating the best calendar age fit from the available 14 C data have resulted in changes to the accepted ages of the tephra [e.g., Lowe and Newnham, 1999; Lowe et al., 2008 Lowe et al., , 2013 . In addition, newer high-quality dates have improved the age estimation of the Kawakawa tephra [Vandergoes et al., 2013] . The most recent estimation of the New Zealand tephra calendar ages [Lowe et al., 2013 ] used 14 C-calendar calibrations based on IntCal09 that are now outdated especially in the early deglaciation (Table 1) . To obtain an updated calendar age for the tephra, we performed the same calculations using the same data and following the methods of Lowe et al. [2013] . We utilized the Bayseian modeling program, Bacon [Blaauw and Christen, 2011] applied to the Kaipo bog tephra-peat sequence [Hajdas et al., 2006] and the P_Sequence function in OxCal4.1.7 [Bronk Ramsey, 2009] for discrete ash composites ( Figure S1 ). The only difference is that we used the IntCal13 calibration to calendar age [Reimer et al., 2013] . This has produced updated calendar ages for the deglacial tephra (Table 1 and Figure S1 ). We have incorporated into the analysis data for tephras from published studies that relied on older calibrations [Rose et al., 2010; Sikes et al., 2000] .
We have also recalculated the surface reservoir ages for previously published time series from the Bay of Plenty and Chatham Rise [Rose et al., 2010] incorporating the new tephra ages into the independent 18 O tuning age models for these cores. The age model was then used to calculate surface reservoir ages from the glaciation into the Holocene. This both updates the tie points and uses the more widely practiced method of reservoir age calculation bringing this data set in line with conventional practices [e.g., Marchitto et al., 2007; Skinner et al., 2010] . This reanalysis provides a perspective of changes to reservoir age estimates in light of revised radiocarbon calibrations over the last decade. The updated stratigraphy on which the recalculated time series in JPC64 and MD2120 based are provided in Tables S2 and S3 , along with the previously published radiocarbon results from Rose et al. [2010] for completeness. Single-species samples of three different planktonic foraminifera were radiocarbon dated in MD2120; Globigerina bulloides, Globorotalia inflata, and Neogoloquadrina phchyderma. The dates for different species on the same sample depth differ. Age reversals and differences among species are not uncommon with radiocarbon analyses in oxygenated sediments which are subject to bioturbation [e.g., Lund et al., 2011 Lund et al., , 2015 . Bioturbation can differentially sort populations of foraminifera when they have differing abundances [Guinasso and Shink, 1975; Peng and Broecker, 1984] . G. bulloides unsurprisingly has anomalously young ages in older samples in this core, suggesting downward bioturbation down of individuals (Table S3 ). The recalculation of reservoir ages identified one sample depth in core MD2120 that is clearly a flier; this sample and analyses on mixed species are provided for completeness (Table S3) but not included in figures.
Sample Processing and Calculations
Bulk sediment samples were ovendried at 35°C and weighed prior to disaggregating with deionized water and wet sieving through a 63 μm sieve. The planktonic foraminifer G.inflata was chosen for this study because it is abundant in this region and has robust tests with ample calcite. G.inflata lives in the shallow subsurface, commonly at the base of the mixed layer in this region, and reconstructions can be considered to reflect this habitat [King and Howard, 2005] . Single-species samples of G.inflata were picked for radiocarbon analysis from the >150 μm fraction to ensure sufficient calcite for analyses. The tests were cleaned by brief sonication in methanol before being chemically leached in dilute HCl, converted to CO 2 and graphitized prior to AMS-14 C analysis at Lawrence Livermore Center for Accelerator Mass Spectrometry. When samples were large enough, foraminifera were physically cracked and sonicated in methanol prior to leaching. δ 13 C corrections were derived from stable isotope analyses on the same samples and backgrounds were subtracted based on similarly and simultaneously prepared 14 C-free calcite. For each batch of samples a batch-specific background is prepared and used to background correct that individual set of samples. For full-sized samples, the uncertainty of the background is propagated as one third of the measured background's fraction modern. For nonoptimal-sized samples (ie., <0.5 mg C) the background subtraction and propagation of errors follows published methods [Brown and Southon, 1997] again assuming one third uncertainty in the modern carbon contamination. 14 C age calculations were based on international conventions [Stuiver and Polach, 1977] .
Surface marine reservoir ages (atmosphere-planktonic difference in years) were determined on foraminifera sampled both directly above and below documented ashes. Reconstruction of past radiocarbon ages of surface water masses was determined by subtracting the 14 C ages, in conventional 14 C years, of the coexisting planktonic foraminifera from the accepted 14 C ages of the tephra [Bard et al., 1994; Sikes et al., 2000] . The magnitude of the surface marine reservoir effect, in Δ 14 C space, was also calculated by differencing our planktonic ages from atmospheric levels of 14 C prescribed within IntCal13/SHCal13 [Reimer et al., 2013] . For these calculations we also converted these values to 14 C years to examine the difference between the values calculated for this study and previous results (Table 1 and Tables S4 and S5 ).
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Surface reservoir ages for the same tephra sampled from several cores were generated by averaging AMS results from the different cores. Single core averages were used in calculating multicore-ash average reservoir ages so that results were not weighted more heavily to cores that had more analyses. Errors were propagated from the 1 sigma standard deviation on the uncertainty of individual measurements. We also assessed the effect of bioturbation as a control on the radiocarbon ages between cores by examining bias owing to sedimentation rate. If bioturbation was the main effect, there should be a negative correlation between the sediment accumulation rate and the offset between the foraminiferal radiocarbon ages and the ash age. We found no consistent offset with sedimentation rate ( Figure S2 ).
Planktonic foraminifera picked from above tephra had Δ 14 C values ( 14 C ages) that were consistently more positive (younger ages) than those for sediment levels below the ashes, as expected, confirming typical sedimentation processes and lack of coring disturbance [Sikes et al., 2000] . Exceptions were specimens associated with the Rerewhakaaitu ash in core TC83 and the Kawakawa ash in JPC06, which show age reversals (Tables S2 and S4 ). The influence of a hiatus in JPC64 appears to have affected above ash ages of the combined Rotoma/Waoihau tephra layer in that core [Rose et al., 2010] . These data were not included in core averages or in the discussion. In several cores, but in particular, dates from above the Kawakawa were much younger than the accepted terrestrial age of the tephra (as much as 10 kyr) suggesting a significant time gap between the emplacement of the tephra and the accumulation of sufficient foraminifera in the sediment to provide usable results for reservoir determination. We speculate that such a thick ash layer and low sedimentation rates may have lead to an acidic microenvironment that could have dissolved foraminifera in place over the course of many years. We do not include these in our calculations but, again, report them here for completeness.
Throughout this manuscript, we present results in both 14 C year offsets between marine and terrestrial material as well as Δ 14 C as defined by Stuiver and Polach [1977] . Surface ocean Δ 14 C is calculated using the estimated calendrical age of the ash to decay correct the measured planktonic foraminiferal samples. Calculations include a background subtraction and inclusion of background error based on 14 C-free calcite for each set of unknowns prepared as described in Guilderson et al. [2003] . Sample preparation backgrounds were scaled relative to sample size. All The determination of surface reservoir ages can be obtained by directly differencing published tephra 14 C ages from 14 C levels determined in planktonic foraminifera selected from above and below the tephra [Sikes et al., 2000] . This calculation does not rely on the calibration of radiocarbon to calendar ages and is only dependent on the best estimate of the radiocarbon value for the ash. Using this technique, surface reservoir ages at subtropical sites in the Bay of Plenty at the time that the three Holocene ashes were emplaced appear to have been similar to modern [Higham and Hogg, 1996; Sikes et al., 2000] . Multicore averages ranged from 350-550 14 C years for the three Holocene tephra (mean = 440 14 C years; Figure 2 ). Surface reservoir ages for the two deglacial ashes were more variable: 200 14 C at~14 ka and 570 14 C years at~17.5 ka. The reservoir age for the Waiohau (~15 ka) we calculated here is substantially younger than modern owing to several factors. The above ash values are younger than the new age estimate of the tephra, and consequently, the calculated reservoir age is substantially smaller than previously determined (~800 14 C years) [Sikes et al., 2000] . This difference can be attributed to the revision to the best estimate of the radiocarbon age of the tephra owing to the wide spread of terrestrial ages [Lowe et al., 2013] (Figure 2 and Table S2 ). The uncertainty in the Waiohau ash age notwithstanding, these data suggest that deglacial reservoir ages in subtropical surface waters were largely similar to modern from~18 ka to present.
It is valuable to point out here that the large change in the estimation of the surface reservoir effect between Sikes et al. [2000] and the present analysis stems from the fact that our tephra-based method for determining the reservoir effect of ocean water relies on the terrestrially obtained radiocarbon ages for the tephras. The radiocarbon ages of the tephra are used to calculate a calendar age for both the tephra and the sediment, and if the tephra ages change with new data and assessment, then regardless of anything else, the estimated reservoir age will change. Most notably, the reported 14 C age of the Kawakawa has been revised substantially Additionally, the conversion of radiocarbon years to calendar ages to estimate the actual age of the tephra used for the stratigraphic placement of the sediment is subject to updating and refinement. The levels of radiocarbon in the atmosphere are well known to have varied through time, and although the radiocarbon-to-calendar age conversion is well established for the Holocene, the conversion is less certain for the early deglaciation where revisions and updates to the 14 C-calendar calibration data set have yielded numerous changes [cf. Reimer et al. 2013 , Figures 5 and 6 ].
The accepted calendar ages of the Waiohau, Rerewhakaaitu, and Kawakawa were recently amended based on revisions to the global calibration [Reimer et al., 2009] and by using updated mathematical analysis of the range of ages in the available radiocarbon dates which is dependent on the calibration curve chosen [Froggatt and Lowe, 1990; Lowe et al., 2008 Lowe et al., , 2013 . The accepted Waiohau radiocarbon age estimate has been revised owing to these two factors (unlike the Kawakawa for which there are new radiocarbon data). The Waiohau 14 C age estimate has increased by 550 radiocarbon years (11,850 to 12,417 14 C years) owing to new Bayesian analyses of the spread in the original dates and designation of questionable results in the data set [Froggatt and Lowe, 1990; Lowe et al., 2013] . The resulting conversion to calendar ages used IntCal09 and obtained an amended tephra age of 14,009 cal yr B.P. [Lowe et al., 2013] . More recently, the calendar ages for the tephras in that paper using IntCal09 have been, as recommended by the radiocarbon community, superseded by IntCal13. Our calculations to determine tephra calendar ages for this study using the same Bayesian framework techniques and the IntCal13 calibration. This produced an estimate of the calendar age for the Waiohau of 14,000 cal yr B.P. (Table 1 ). In contrast, our revision of the Rerewhakaaaitu calendar age estimation arises from changes in the radiocarbon calibration alone. The Kawakawa has recently been redated, and revisions here incorporate these new radiocarbon analyses [Lowe et al., 2013; Vandergoes et al., 2013] and calculations using IntCal13. Consequently, surface reservoir ages and Δ 14 C calculated here vary somewhat from published values for these ashes [Rose et al., 2010; Sikes et al., 2000; Skinner et al., 2015] .
As an example, the re-estimation of the ages of the Waiohau and Rerewhakaaitu tephras based on the calculations of Lowe et al.
[2013] using IntCal09 reduced the surface reservoir age for the Waiohau to 500 14 C years and increased it for the Rerewhakaaitu tephra to~1200 14 C years. These are significantly different from those calculated above using the radiocarbon ages alone (Figure 2 ). In addition, using only radiocarbon results from below the Rerewhakaaitu provides reservoir ages that are an additional 600 14 C years older resulting in an estimate of~1800 14 C years (even older than the glaciation). The Rerewhakaaitu eruption occurred at the time in the deglaciation when the radiocarbon calibration curve has been subject to the most revision over the last decade [Reimer et al., 2004 [Reimer et al., , 2009 [Reimer et al., , 2013 . The previously large reservoir age for calculated for this ash was a result of its calendar age being determined using IntCal09 [Lowe et al., 2013] ; our revised calculation based on the updated calibration [Reimer et al., 2013] reduces the reservoir effect for the Rerewhakaaitu tephra down to 800 years ( Figure 2 ). This is, nonetheless, substantially more than modern and the largest reservoir age in the deglaciation. Overall, our recalculations based on the most up-to-date radiocarbon calibration reduces the estimation of older surface waters for the early deglaciation, suggesting previous studies may have overestimated these reservoir ages [Sikes et al., 2000; Skinner et al., 2015] .
The difference in ages obtained from sediments above and below ashes can also inform reconstructions of reservoir ages using the tephra method. Sediments from above the ashes in this study consistently had ages younger than those below the ash. This almost certainly reflects the time lag between deposition of tephras and repopulation of the sediment with foraminifera after the volcanic event. In addition, bioturbation serves to mix down more recently deposited foraminifera into the sediment immediately above the undisturbed ash, biasing these results to younger ages. Our results show this was only a considerable factor with the Kawakawa. In many of our cores there was a significant time lag: the foraminifera dated above the tephra were substantially younger than the reported 14 C age of the ash (21,299 ± 122 14 C years) [Vandergoes et al., 2013] (Table S4 ). Many were more than 2000 years younger with the extreme being 16,000 14 C years younger. This suggests these foraminifera were probably not strictly coeval with the tephra, suggesting the possibility of dissolution effects [Broecker et al., , 1999 . Consequently, these very young above ash dates are not ideal for determination of reservoir ages as they return unrealistic negative reservoir ages. Conversely, bioturbation below the ash would have move older foraminifera closer to the ash before emplacement serving to skew these ages to older. This is a well-known effect in the bioturbation layer of sediments that causes surface sediments to have a considerable age [Peng and Broecker, 1984] . By extrapolation, all below ash dates should overestimate reservoir ages. Our analysis suggests that when reservoir ages are determined using only dates from below the Holocene and deglacial ashes, surface age reconstructions increase by~150 years (Figure 2) . Studies that rely solely on below ash age determinations will consistently over estimate reservoir ages. We also note here that the oldest surface reservoir age for subtropical water during the glaciation is based solely on below ash data. Comparing reservoir ages calculated using data from both above and below an ash to the below ash values for our several Holocene and deglacial tephra shows that below ash data may be biased by about 200 14 C years to older in the Bay of Plenty sedimentary setting.
With this understanding, we can directly compare the ages of glacial subtropical surface waters to the deglacial and Holocene by using ages obtained from below ash radiocarbon samples. The Kawakawa tephra was present in cores underlying subtropical water in the Bay of Plenty and the Hikurangi Trough. The individual 14 C estimations for subtropical waters ranged from 340 to 3470 14 C years. However, seven of the eight subtropical cores containing the Kawakawa had below ash reservoir ages that cluster closely (340-900 14 C years);
if the outlier value of 3470 14 C years is disregarded (core H213 from Sikes et al.
[2000] appears to have been an outlier), the average for subtropical water surface reservoir ages for the glaciation is estimated as~690 ± 215 14 C years (Table 2) . Surface reservoir ages appear to have been greater during the glaciation, early deglaciation, and perhaps the early Holocene than modern prebomb (Figure 2) . The values presented here corroborate recent publications suggesting subtropical surface waters were older than modern but not substantially [Komugabe et al., 2014; Skinner et al., 2015] .
The wide southward distribution of the Kawakawa tephra [Carter et al., 1995] allows the determination of reservoir ages for subpolar waters during the glaciation. The distribution of cores containing the Kawakawa tephra in this study also encompasses the South Chatham Rise and provides spatial resolution of the surface reservoir effect beyond subtropical waters. Subantarctic surface water ages appear to have been substantially older than modern, with ages ranging from 2840 to 3540 14 C years (average 3280 14 C years). These very old (large) reservoir ages compare starkly with the moderately older ages for subtropical surface waters discussed above. Our results suggest a large difference between these surface water Paleoceanography 10.1002/2015PA002855 masses of about 1500 14 C years during the last glaciation. The difference between subtropical and subpolar surface reservoir age mimics but is almost an order of magnitude larger than the gradient seen in the modern ocean, which is caused by aged water upwelling to the surface in the Southern Ocean [e.g., Higham and Hogg, 1996; Sikes et al., 2000] (Figure 1 ).
Estimating Southwest Pacific Surface Water Δ 14 C History
To elucidate the temporal changes in the Δ 14 C content of southwest Pacific surface waters during the deglaciation, we have used the terrestrial ash ages to estimate the calibrated (absolute or calendar age) age of the contemporaneous marine sediment bracketing the ash. The radiocarbon level in the sample as measured and the true half-life of radiocarbon is used to calculate the true Δ 14 C of the sample. With this we derive surface water Δ 14 C values (age corrected, for absolute age). We have done this for the individual ash-based time slices but also for the Bay of Plenty using a piecewise linear age model to the ash horizons and for the South Chatham Rise incorporating the δ c Globogerina bulloides were included in these averages to include all available dates [Sikes et al., 2000] . Without these the reported reservoir ages U939 = 3090 and U938 = 3511. [Reimer et al., 2013] . Using independent tephra calendar ages as a base for stratigraphy subsequently allows us to examine surface reservoir ages across a time series and observe the changing atmosphere-ocean Δ 14 C relationship through time [e.g., Lund et al., 2011; Marchitto et al., 2007; Rose et al., 2010] . The most obvious feature of the high resolution the time series from~18 ka to 14 ka is that the Δ 14 C for both subtropical and subantarctic surface waters roughly parallel the atmospheric Δ 14 C levels through the early deglaciation (Figure 3) . The average ocean-atmosphere offset (ΔΔ 14 C) for the subtropical waters through this period was À88‰ (with a range of À73 to À123‰) or about twice the ΔΔ 14 C of modern mixed layer water regionally (À40 to À50‰) [Druffel and Griffin, 1993; Komugabe et al., 2014; Rafter, 1968] . The subpolar surface water reservoir ages are generally depleted by a similar amount. These data do show more scatter, much of which we attribute to differential bioturbation on the several species analyzed. Notably, the data agree well with the tephra-based estimates where they coincide. Overall, these results suggest that surface reservoir ages in the early deglaciation were more than modern but not dramatically and surface reservoir ages basically paralleled the deglacial atmospheric Δ 14 C decrease without substantial deviations. These results largely agree with those of Rose et al. [2010] . In the glacial-deglacial transition, between 21 and 18 ka, both the subtropical and subpolar surface waters appear to have had lower Δ 14 C (and implicitly, larger reservoir ages) relative to the atmosphere. This contrasts sharply with the low Δ 14 C values in subpolar waters observed earlier in the glaciation at the time of the Kawakawa tephra.
The substantially greater Δ
14
C difference between these subtropical and subpolar water during the glaciation suggests a shift north in the location of the gradient in Δ [Sikes et al., 2008] which is south of our subpolar core locations (Figure 1 ). Several factors may have contributed to this effect. The greater magnitude reservoir effect in subpolar waters was almost certainly due to the influence of older deep waters in the Southern Ocean [Sikes et al., 2000 [Sikes et al., , 2016 Skinner et al., 2010; Sikes et al., 2016] . Expansion of year-round sea ice cover [Gersonde et al., 2005] would have moved the upwelling of old waters and the SAMW formation zone northward [Ferrari et al., 2014] . The STF remained pinned on the South Tasman Rise and anchored on the Chatham Rise [Sikes et al., 2002 [Sikes et al., , 2009 . The combination of these effects would have compressed and shifted northward the zone of open water with depleted Δ 14 C. A northerly shift of the westerly wind belt along with strengthened winds [Kohfeld et al., 2013] may have also served to drive the Δ 14 C gradient north of the Chatham Rise. The glacial thermocline was substantially deeper in New Zealand subtropical waters in the glaciation, and there was a more proximal high-latitude source of subthermocline waters [Schiraldi et al., 2014] . Enhanced lateral transport of 14 C-depleted water would be needed to depress subtropical surface ages where the thermocline is thickened. This evidence suggests that an intensified supply of 14 C-depleted shallow water from the Southern Ocean could have both depressed subtropical surface ages and steepened the latitudinal gradient between subtropical and subantarctic water masses. Why was the age contrast between subtropical and subantarctic water greater during the last glaciation? Changes in the mixing between surface and subsurface water can lower surface reservoir ages. This can be achieved by shallowing the thermocline, increasing in the rate of mixing across the thermocline, changing the horizontal advection of 14 C-depleted water, or changing the source of that water. During the glaciation, substantial evidence for the presence of very Δ 14 C depleted water at both the surface and at depth in the Southern Ocean [Sikes et al., 2000 [Sikes et al., , 2016 would have provided very Δ 14 C depleted source water to the subtropics. There is also evidence for a thicker thermocline and enhanced delivery of high-latitude waters during the LGM to the subtropics [Schiraldi et al., 2014] which has also been predicted by models [Hain et al., 2014] . A thicker thermocline would have reduced the reservoir effect, while lateral input of much older water would have served to increase surface water ages. These competing factors counteract one another in generating a reservoir age, but the combination appears to have served to both make the reservoir age older and to maintain the enhanced gradient in surface ages between subtropical and subpolar surface water masses in the glaciation. The fact that the Hikurangi Trough appears to have been more influenced by subantarctic water during the glaciation and early deglaciation than the Bay of Plenty [Carter et al., 2008; Marr et al., 2013; Schiraldi et al., 2014] supports this scenario.
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Our Holocene estimates of reservoir ages are similar to those observed in contemporary studies in the southwest Pacific [Druffel and Griffin, 1993, 1999; Komugabe et al., 2014] . The deglacial reservoir ages we observe are older than Holocene reservoir ages by around 100-200 14 C years. Although this magnitude of Δ 14 C change (~30-60‰) is about 3 times greater than observed with changes in circulation and thermocline depth related to ENSO [Druffel and Griffin, 1993] , it is of the same order as has been observed on centennial timescales [Druffel and Griffin, 1993, 1999; Komugabe et al., 2014] . This reflects the effect that persistent changes in circulation can have on the reservoir age of tropical and subtropical surface waters [Druffel et al., 2014; Guilderson and Schrag, 1998 ]. Expansion of year-round sea ice cover and enhanced stratification in the Southern Ocean would have reduced atmosphere-ocean exchange maintaining depleted surface water Δ 14 C levels [Ferrari et al., 2014; Gersonde et al., 2005; Sigman et al., 2010] . Evidence for latitudinal shifts in the southern westerlies during the early deglaciation [Anderson et al., 2009; Putnam et al., 2010] and attendant movement of the ITCZ could provide a mechanism for enhanced delivery and vertical mixing across the thermocline of Δ 14 C depleted in subtropical water thereby maintaining the older surface water ages observed through the early deglaciation.
Conclusions
Our tephra-bracketing technique pairing terrestrially dated tephras with marine carbonate samples enables the calculation of surface reservoir ages from the LGM to the Holocene for the southwestern Pacific. Overall, our data set paints a picture of surface reservoir ages that varied substantially in the past.
The reservoir effect appears to have been increased relative to modern during the early deglaciation. The range in these estimates is both a function of the different methods of calculations as well as the variance in the several data sets that are involved in the calculations. Thus, these values are presented as a best estimate rather than a statistical construct.
1. During the last glaciation subtropical waters had an increased reservoir effect that was similar to or slightly larger than the deglaciation (~700 14 C years). In contrast, subantarctic waters were substantially older, about 5 times greater than modern values (~3200 14 C years or about À400‰) and the age difference between these two surface water masses was substantially greater. 2. Through the early the deglaciation (~18 to 14 ka), we estimate that surface reservoir ages were little as 50% more than modern (~600 14 C years) and as much as near double modern reservoir (~700 14 C years or about À90‰), that is,~200-300 14 C years older than modern. The comparison of subtropical waters in the Bay of Plenty and northernmost subantarctic waters bathing the southern flank of Chatham Rise shows the offset between them during the deglaciation was about the same as modern (~10‰). Thus, very old surface waters in the subantarctic were gone by~20 ka and maintained a small offset similar to modern through the early deglaciation. 3. Reservoir ages during the Holocene (~300 to 500 14 C years) were similar to modern in this region.
4. The glacial gradient in 14 C content between subpolar and subtropical waters was approximately 5 times modern and shifted to the north in contrast to the modern ocean where the main gradient sits to the south of the STF. This likely reflects the presence of much older deep water in the glaciation outcropping in the Southern Ocean in the glaciation. We suggest a combination of changes in surface circulation and winds affected the overall pattern.
